Giant metamagnetic moments in a granular FeCl 2 -Fe heterostructure
The physics of ferromagnetic ͑FM͒ nanoparticles which are embedded in an insulating matrix is one of the major topics of recent research activities in magnetism because of their interesting magnetic [1] [2] [3] as well as electronic transport properties. 4 Up to now, the nanoparticles have been embedded in insulating diamagnetic matrices such as Al 2 O 3 , SiO 2 , HfO 2 or frozen carrier liquids such as kerosene. Various magnetic states such as superparamagnetic blocking, 1 collective superspin-glass freezing, 2 and superferromagnetism 3 have been revealed at different packing densities of the nanoparticles. In these systems, the interaction of the nanoparticles with the host matrix has been neglected. In contrast, the particle-matrix interaction becomes significant when the diamagnetic matrix is replaced, e.g., by an antiferromagnetic ͑AF͒ one. Indeed, the first study of fine Co particles embedded in their native oxide led to the discovery of unidirectional anisotropy which gives rise to an exchange bias ͑EB͒ of the hysteresis loop due to exchange coupling at the FM-AF interface. 5 The phenomenon was later on observed in many other FM-AF fine particle systems and in continuous films consisting of sandwiched AF and FM layers. 6 Recent experiments have confirmed that the alignment of FM spins in these exchange-coupled systems is determined by the spin directions in the underlaying AF layer giving rise to exchange bias. 7 On the other hand, also the retroactivity of the FM nanoparticles onto the AF matrix may be of interest. Most spectacular effects are expected if the AF intramatrix exchange is weak compared to its interaction with the embedded FM nanoparticles. It will be due to the combined effects of exchange coupling at the particle-matrix interface and their dipolar stray fields. Here we report on the experimental investigation of a granular FeCl 2 -Fe heterostructure which clearly evidences formation of giant metamagnetic ͑MM͒ moments containing Fe granules as nucleation cores. Temperature-and frequency-dependent ac-susceptibility measurements hint at the presence of a mixed AF-MM state with polydispersive domain wall susceptibility. To the best of our knowledge, it is the first time that such a mechanism is observed in an AF-FM granular system.
The sample investigated in this study was prepared by coevaporation of FeCl 2 and Fe in an ultrahigh vacuum (1 ϫ10 Ϫ10 mbars) molecular-beam epitaxy chamber on a sapphire (112 0) substrate. After rinsing in acetone the sapphire substrate was preheated to 300°C for 1 h in order to degas it and then cooled to and maintained at liquid N 2 temperature during the evaporation processes. As a result FeCl 2 becomes amorphous, which warrants tight embedding of the Fe particles during the growth. Upon room temperature annealing FeCl 2 eventually recrystallizes and recovers its original bulk properties. 8 The FeCl 2 :29 vol.% Fe layer with a thickness of 500 nm was sandwiched between two 200-nm FeCl 2 layers and capped by a 50-nm gold layer. A room-temperature wide-angle x-ray diffraction pattern of the sample showed polycrystallinity of FeCl 2 with grain sizes of about 80 nm and nanocrystallinity of Fe with particle diameters D Ϸ10 nm immediately after evaporation. Details of the microstructural characterization will be published elsewhere. 9 Dc magnetization and ac susceptibility measurements were performed by use of a commercial superconducting quantum interference device magnetometer ͑MPMS-5S, Quantum Design͒. For zero-field-cooling field-heating ͑ZFC-FH͒ measurements, the sample was cooled from high temperature ͑290 or 360 K͒ in zero field to 5 K where a field step is applied and magnetization is recorded upon heating. The subsequent cooling in the same field is called FC, while thermoremanent magnetization ͑TRM͒ is recorded during the following reheating after switching off the field. As seen in Fig. 1 , m FC bears much of the behavior of the pure AF FeCl 2 matrix, viz., a peak at the ordering temperature T N Ϸ22 K and a CW-type decrease at TϾT N . However, large enhancement arises in the AF regime below TϷ15 K. An accelerated increase of m FC below the point of inflexion at T 1 Ϸ10 K and saturation tendencies as T→0 ͑Fig. 1, lower inset͒ seem to reflect metamagnetism of the FeCl 2 environment beyond the spin-flip transition, 13 which is induced by the field-aligned Fe granules. Comparison of m
Ϫ8 A m 2 with the saturation moment of bare Fe granules m s Ϸ2ϫ10 Ϫ8 A m 2 in the magnetization hysteresis loop at Tϭ50 KϾT N ͓see Fig. 2͑a͔͒ shows that the total moment of Fe granules is by a factor of about 2 smaller than the anomaly induced by a freezing field as small as 0 Hϭ10 mT. We therefore suggest the enhancement of the FM polarization to be due to the AF matrix within a model of ''dressed'' Fe granules. They are considered as magnetic dipoles, whose stray field in the AF environment maximizes in the polar direction and is given by 14 0 H ϭ2 0 m/4rЈ 3 , where rЈ is the distance between the granule center and the point, where the dipolar field is calculated, and m is the magnetic moment of the dipole as indicated in Fig. 3͑a͒ . Assuming spherical shape of the granules with radius r and homogeneous magnetization M s , the above formula holds exactly for rЈуr and can be written as 0 H ϭ(2/3) 0 M s /(rЈ/r) 3 . 15 Taking the saturation magnetization value of bulk Fe ͑Ref. 16͒ M s ϭ2.15 T, the field at the poles is 1.44 T. This value exceeds the spin-flip field which is 0 H SF ϭ1.06 T at Tϭ4.2 K. 13 At the poles the stray field is nearly parallel with respect to the magnetization of a given Fe granule. Hence, taking into account the preferential alignment of the granule magnetization along the freezing field, one expects a net FM polarization of that part of the FeCl 2 matrix whose ͓111͔ direction comes close to that of the aligning field. A considerable fraction of the FeCl 2 may have unfavorable orientation which does not contribute to the enhancement effect. However, it is obvious that the favorable fraction suffices to produce the observed giant moments. Figure 3͑a͒ schematically depicts the distribution of MM regions emerging from the magnetic poles of the nanoparticle by assuming perfect ͓111͔ orientation of the FeCl 2 matrix. Since the exchange interaction is short ranged it will merely affect the interfacial spins while the spins at larger distances undergo a local spin-flip transition due to the long-ranged dipolar fields. Interestingly, the observed m TRM in Fig. 1 Fig. 2͑a͒ ͑lower inset͒. Clearly the lacking alignment of the Fe moments causes a destabilization of the metamagnetic coating at slightly enhanced temperatures. This is primarily due to the strong dependence of the spin-flip transition on the field orientation. The zero-field cooled magnetization m ZFC-FH vs T achieves no more than 50-80 % of the value of m FC vs T ͑Fig. 1͒. The largest difference occurs at low temperatures, TϷ5 K, as a consequence of the poor in-field alignment of the randomly oriented blocked Fe moments. This is partially lifted upon heating where a peak arises at TϷ8 K, while m ZFC-FH and m FC perfectly coincide above T N .
The growth of the metamagnetic moments has been verified by measuring the FC magnetization without a demagnetization procedure at Tϭ290 K or, equivalently, without crossing the blocking temperature T b Ϸ320 K of the Fe particles. This is shown in Fig. 1 In order to clarify the nature of the low-temperature properties, ac-susceptibility measurements were performed following an identical procedure as described in Fig. 1 . An ac amplitude of 0 H ac ϭ0.4 mT and frequencies in the range 0.1р f р100 Hz were employed. In Fig. 4 , the temperature variation of the real part of the ac susceptibility, Ј, shows two distinct peaks in much the same way as m ZFC-FH vs T in Fig. 1 . The frequency-independent peak at T N Ϸ22 K characterizes the AF feature. The pronounced lower-temperature peak, again, clearly signifies local FM transformation of the AF environment. Its frequency dependence and a concomitant appearance of an imaginary component Љ below T 1 Ϸ10 K hint at polydispersive processes. They are probably due to AF-MM interfaces, which are expected to occur within the spin-flipped regions of the matrix. It has to be noticed that neither the purely AF nor the purely MM phase has an appreciable susceptibility response at low temperatures. This is shown in Fig. 3͑b͒ for Ј vs 0 H as measured on a FeCl 2 crystal plate ͑thickness 0.4 mm͒ at f ϭ20 Hz and Tϭ10 K in a ͓111͔-directed field, 0р 0 Hр2 T. Large signals arise only in the mixed phase region, designated as AF ϩMM, within 1.05р 0 Hр1.75 T, where FeCl 2 develops meandering stripe domains with increasing contents of the MM phase as 0 H increases. Two typical domain structures as imaged by Faraday microscopy 17 at 0 Hϭ1.1 ͑1͒ and 1.4 T ͑2͒ are shown in Fig. 3͑b͒ and supposed to appear far from and close to the nanoparticular poles, respectively, as indicated in Fig. 3͑a͒ . Nonvanishing losses Љ ͓Fig. 3͑b͒, open circles͔ are also restricted to the mixed phase, where the magnetization m increases linearly ͓Fig. 3͑b͒, asterisks͔. ϭ50 K), ⌬mϭm(H,T)Ϫ(T)m(H,Tϭ50 K). (T) is a variable that measures the enhancement of the effective moment of the dressed Fe granule with respect to the bare one. When choosing ϭ1, 2.2, and 3 at Tϭ15, 10, and 5 K, respectively, a unique linear curve ⌬m(H) is obtained, which does not depend on the temperature ͓Fig. 2͑a͒, upper inset͔. This result suggests that ⌬m(H) originates from the perpendicular susceptibility Ќ of the AF matrix because the parallel susceptibility ʈ is much smaller than Ќ far below T N . On the other hand, the increase of clearly reinforces the model assumption of dressed Fe granules, which are estimated to grow in size by about 40% when cooling from Tϭ15 K to 5 K. In accordance with the observed increase of the temperature variation of the remanent magnetization m r shown in the lower inset to Fig. 2͑a͒ reveals a steep rise below T 1 . Figure 2͑b͒ shows the M vs 0 H loop at Tϭ5 K after cooling the sample from Tϭ350 K in a field of 0 H ϭ0.1 T. The shift along the field axis by 0 H E ϭϪ4 mT ͑upper inset͒ seems to be the fingerprint of EB. This is not expected to occur, if all the magnetization experienced during the hysteresis cycle would be due to the metamagnetic reaction of the AF matrix to magnetization reversal of the Fe granules. However, there are regions where interfacial exchange between the FM granule and the AF matrix dominates. The equatorial belt of the nanoparticle is a dipolar low-field region, where adjacent adequately oriented FeCl 2 grains may give rise to EB after properly FC to below T N . Figure 3͑a͒ indicates how EB active FeCl 2 layers have to be oriented with respect to a Fe nanoparticle and its magnetization m. Interestingly, apart from 0 H E Ͻ0 also an upward shift of the hysteresis loop is encountered in Fig. 2͑b͒ . Obviously a permanent positive moment is retained in the AF, whose surface component S AF Ͼ0 is supposed to control the EB during the field cycles. 18 -20 Figure 2͑b͒ ͑lower inset͒ shows the temperature dependence of the apparent exchangebias field 0 H E . As expected, it vanishes along with the disappearance of the trapped moment above the Néel temperature of the AF matrix.
In summary, we have demonstrated that a spectacular enhancement of the magnetization of a granular FeCl 2 -Fe system occurs below the Néel temperature of FeCl 2 . It is due to the specific composition of our system, consisting of mesoscopic blocked Fe moments in a microcrystalline AF matrix. Among the secondary effects we have observed an ac susceptibility anomaly, which probably reflects the domain structure within the MM phase, and exchange bias, which reflects the exchange coupling of non-spin-flipped parts of the AF matrix to the Fe nanoparticles. In the light of our results it is concluded that particle-matrix interaction plays a vital role in determining the behavior of granular AF-FM systems. As an outlook to future work it is worth mentioning that doping of an AF matrix with FM nanoparticles may also lead to important consequences on the transport properties, viz., exchange-biased asymmetric tunnel magnetoresistance. 
